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The isopeptide bonds formed by ubiquitin or its
relatives are cleaved by hydrolases with active site
cysteines. Recent studies have revealed that similar
metalloprotease motifs — JAMMs — in the Rpn11
subunit of the 26S proteasome lid and in the Csn5
subunit of the COP9 signalosome are involved in
deubiquitination and deneddylation, respectively.
The 26S proteasome is part of the most important
protein-degrading system in eukaryotic cells, the
ubiquitin/26S proteasome system, which is responsi-
ble for the specific and timely removal of regulatory
proteins involved in essential cellular functions [1]. The
26S proteasome has two major parts: the 20S protea-
some, which is the proteolytic core of the enzyme, and
the 19S regulatory complex, which can in turn be
dissected into two subcomplexes, the base and the lid
[2]. Substrate proteins that carry a polyubiquitin signal
are recognized by the proteasome, so that the
substrate specificity of the system is determined at
the level of the ubiquitinating enzymes — E1, E2 and,
particularly, E3 — which act together to tag target
proteins for destruction. Once bound to the 26S
proteasome — possibly via the proteasome subunit
Rpt2 [3] — polyubiquitinated proteins are unfolded by
the base [4] and quickly degraded inside the 20S core. 
How the lid of the proteasome contributes to the
degradation process has beens an enigma for a long
time. But now two independent studies [5,6] have
shown that the lid component Rpn11/S13 is a metallo-
deubiquitinase which removes polyubiquitin chains
from substrates, a prerequisite for their further pro-
cessing. Remarkably, these studies support data
reported nine years ago by Hershko and co-workers
[7] on an intrinsic ATP-dependent 26S proteasome
deubiquitinase.
The proteasome lid is a highly conserved complex
related to the COP9 signalosome and, to some extent,
to the eukaryotic initiation factor 3 (eIF3) complex
[2,8,9]. Rpn11 is the most conserved lid component
and is homologous to the COP9 signalosome subunit
Csn5. One might therefore expect that Csn5 would
have metallo-deubiquitinase activity just like Rpn11.
Surprisingly, as shown by a recent paper from
Deshaies’ group [10], in the context of the COP9 sig-
nalosome, Csn5 does not remove ubiquitin, but rather
it removes the ubiquitin-like protein Nedd8 from
appropriately modified – ‘neddylated’ — proteins.
Back in 1993, it was shown by Hershko’s group [7]
that the 26S proteasome has ATP-dependent ubiqui-
tin hydrolase activity. This activity is blocked by the
heavy metal chelator o-phenanthroline but not by
ubiquitin aldehyde, an inhibitor of ubiquitin carboxy-
terminal hydrolases that have an active-site cysteine.
Now, Verma et al. [5] suggest that a motif within the
MPN (Mpr1, Pad1 N-terminal) domain of the Rpn11
proteasome subunit is responsible for this deubiquiti-
nating activity. The MPN domain is found in two sub-
units of the proteasome lid complex, as well as in
related proteins of the COP9 signalosome and the
eIF3 complex. Interestingly some eukaryotic and all
prokaryotic MPN domains have a highly conserved
pattern of four charged amino acids — a glutamate
residue followed by two histidines and an aspartate.
This motif, EXnHXHX10D, has been dubbed JAMM,
from Jab1/Pad1/MPN domain metallo-enzyme [5] (or
MPN+ [11]). Verma et al. [5] propose that the histidine
residues, in concert with the aspartate, bind a zinc ion
which, together with the preceding glutamate, forms
the catalytic site.
In order to test this hypothesis, the wild-type gene
for Rpn11 in the budding yeast Saccharomyces
cerevisiae was replaced by a version, rpn11AXA,
encoding a mutant form of the protein in which the
two critical histidines were substituted by alanine. This
AXA mutation is lethal, and a temperature-sensitive
yeast strain expressing a truncated form Rpn11 could
be rescued by wild-type rpn11 but not by rpn11AXA.
Although these effects could be caused by the loss of
proteasomal deubiquitination activity, they could also
be due to various other defects resulting from the AXA
mutation. To test this further, Verma et al. [5] isolated
26S proteasomes carrying the AXA mutation for in
vitro deubiquitination and degradation experiments
using the ubiquitinated cyclin-dependent kinase (Cdk)
inhibitor Sic1 as a substrate. Although the 26S protea-
some containing the AXA mutant form of Rpn11
seemed to have a relatively normal gross structure,
the authors found it is indeed deficient in deubiquiti-
nation and degradation activity [5].
Similar conclusions have been reached by Yao and
Cohen [6] in their independent study of the putative
metalloprotease activity of Rpn11. These authors 
substituted the conserved histidine and glutamate
residues in Rpn11’s JAMM motif, again finding the
mutations are lethal to budding yeast at 30°C. Maytal-
Kivity et al. [11] found the histidine mutation is not
lethal, but causes thermosensitivity with slow growth
at 25°C. Yao and Cohen [6] also performed experi-
ments with classical ubiquitin hydrolase inhibitors,
such as ubiquitin aldehyde and ubiquitin vinylsulfone,
or metal chelators that block metalloproteases, and
their results support the idea that the intrinsic deubiq-
uitination activity of the 26S proteasome, described
nine years ago [7], can most likely be assigned to the
JAMM motif in Rpn11’s MPN domain.
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Interestingly, this deubiquitination activity is ATP-
dependent. Verma et al. [5] were only able to detect
the JAMM-dependent deubiquitination activity with
fully assembled 26S proteasome, and not with the 19S
regulator or its Rpn11-containing lid subcomplex [5].
Yao and Cohen [6], however, found that the 19S regu-
lator on its own can cleave ubiquitin conjugates in an
ATP-independent manner. The different results might
reflect different substrates used by the two groups,
though both found that neither recombinant Rpn11
nor the lid complex alone have deubiquitination activ-
ity [5,6]. So it is conceivable that other proteasomal
subunits are required to assist Rpn11 in the deubiqui-
tination process, perhaps by positioning the substrate
properly within the proteasome. In a model presented
by Verma et al. [5], the multiubiquitinated substrate
binds to the proteasome, where it is unfolded and
threaded into the 20S core while the ubiquitin chain is
cleaved off by Rpn11. When deubiquitination is defi-
cient, the bulky multiubiquitin moiety might sterically
block further translocation of the polypeptide chain
into the 20S core [5].
Remarkably, the JAMM of Csn5 promotes cleavage,
not of ubiquitin, but rather of the related modifier
Nedd8. Nedd8 is one of a group of ubiquitin-like
proteins, and is more similar to its famous cousin than
all other members of the family [12]. In a similar
manner to ubiquitin, Nedd 8 is activated by E1 and E2
enzymes and eventually conjugated to target proteins.
So far, the only known targets of neddylation are the
cullins. Cullins are core components of a special class
of E3 ubiquitin ligases, the best characterised of
which is the SCF complex of Skp1, a variable F-box
protein, cullin 1 and Roc1 [13]. SCF complexes mark a
number of important regulators of cell proliferation for
destruction, among them p27, E2F and β catenin. The
significance of cullin neddylation is poorly understood,
but it has been shown that Nedd8 helps to recruit the
E2 enzyme to SCF, thereby stimulating its ubiquitin
ligase activity [14].
Last year, the COP9 signalosome was identified as
a novel interacting partner of SCF complexes which
promotes cullin deneddylation [15]. The nature of the
deneddylating activity has since proved to be enig-
matic. Deneddylation can be inhibited by the alkylat-
ing agent NEM, an inhibitor of cysteine proteases,
casting suspicion on the subunit Csn5, which has a
cysteine protease motif [16]. But the assumption that
Csn5 really is the Nedd8 isopeptidase came into
doubt when mutation of its putative active site cys-
teine failed to eliminate deneddylation [16].
Now, Cope et al. [10] have pinpointed Csn5’s MPN
domain as the site of the metalloprotease activity that
cleaves Nedd8 from cullins. Deneddylation by the COP9
signalosome is inhibited by the metal chelators EDTA
and o-phenanthroline, and reactivated by nickel ions.
Deletion of the gene for Csn5 in the fission yeast
Schizosaccaromyces pombe results in Cul1 being
present only in its neddylated state. Deneddylation
activity is restored upon ectopic expression of wild-
type Csn5, but not of a version mutated in the con-
served histidine and aspartate residues of the JAMM
motif. The physiological importance of an intact
JAMM domain in Csn5 is illustrated by the deficien-
cies in photoreceptor neuron differentiation and
reduced viability caused by JAMM mutations of Csn5
in the fruit fly Drosophila.
As predicted, then, JAMMs form parts of metallo-
protease active sites which, in the case of Rpn11 and
the 26S proteasome can deubiquitinate, and in the
case of Csn5 and the COP9 signalosome can dened-
dylate their targets. It will be interesting to see whether
prokaryotic relatives of Rpn11 and Csn5 also have
metalloprotease activity. One might also ask why the
COP9 signalosome appears to be sufficient for Csn5-
mediated deneddylation, whereas the proteaseome lid
complex is not sufficient for Rpn11-mediated deubiq-
uitination. Are there additional COP9 signalosome-
associated factors that support Csn5 activity? Do
COP9 signalosome-associated kinases [17] have an
effect on deneddylation? And is the ATP dependency
of Rpn11-mediated deubiquitination solely due to the
ATP requirement for 26S proteasome integrity?
Interestingly, Rpn11-catalysed deubiquitination 
is essential for viability in budding yeast, whereas
Csn5-mediated deneddylation is not. Deubiquitination
is a prerequisite for protein degradation, while dened-
dylation stabilizes substrates (by reducing SCF ubiq-
uitin ligase activity). Is there specific regulation that
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Figure 1. A model for the roles of the JAMM-containing
proteins Rpn11 and Csn5.
(A) For degradation by the 26S proteasome, substrates have to
be deubiquitinated upon binding to the protease complex. This
process involves the lid component Rpn11 in a JAMM-depen-
dent manner. (U, ubiquitin.) (B) The cullin component of the SCF
complex is deneddylated by the COP9 signalosome with the
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coordinates deneddylation and deubiquitination? Is
deneddylation the only activity of the COP9 signalo-
some that regulates SCF-mediated ubiquitination?
References
1. Hershko, A. and Ciechanover, A. (1998). The ubiquitin system. Annu.
Rev. Biochem. 67, 425–479.
2. Glickman, M.H., Rubin, D.M., Coux, O., Wefes, I., Pfeifer, G., Cjeka,
Z., Baumeister, W., Fried, V.A. and Finley, D. (1998). A subcomplex
of the proteasome regulatory particle required for ubiquitin-conju-
gate degradation and related to the COP9-signalosome and eIF3.
Cell 94, 615–623.
3. Lam, Y.A., Lawson T.G., Velayutham, M., Zweier, J.L. and Pickart,
C.M. (2002). A proteasomal ATPase subunit recognizes the polyu-
biquitin degradation signal. Nature 416, 763–767.
4. Braun, B.C., Glickman, M., Kraft, R., Dahlmann, B., Kloetzel, P.M.,
Finley, D. and Schmidt, M. (1999). The base of the proteasome reg-
ulatory particle exhibits chaperone-like activity. Nat. Cell Biol. 1,
221–226.
5. Verma, R., Aravind, R., Oania, R., McDonald, W.H., Yates III, J.R.,
Koonin, E.V. and Deshaies, R.J. (2002). Role of Rpn11 metallopro-
tease in deubiquitination and degradation by the 26S proteasome.
Science 298, 611-615.
6. Yao, T., and Cohen, R. (2002). A cryptic protease couples deubiqui-
tination and degradation by the proteasome. Nature 419, 403-407
7. Eytan, E., Armon, T., Heller, H., Beck, S. and Hershko, A. (1993).
ubiquitin C-terminal hydrolase activity associated with the 26 S pro-
tease complex. J. Biol. Chem. 268, 4668–4674.
8. Wei, N., Tsuge, T., Serino, G., Dohmae, N., Takio, K., Matsui, M. and
Deng, X.-W. (1998). The COP9 complex is conserved between
plants and mammals and is related to the 26S proteasome regula-
tory complex. Curr. Biol. 8, 919–922.
9. Henke, W., Ferrell, K., Bech-Otschir, D., Seeger, M., Schade, R.,
Jungblut, P., Naumann, M. and Dubiel, W. (1999). Comparison of
human COP9 signalosome and 26S proteasome lid. Mol. Biol. Rep.
26, 29–34.
10. Cope, G.A., Suh, G.S.B., Aravind, L., Schwarz, S.E., Zipursky, S.L.,
Koonin, E.V. and Deshaies, R.J. (2002). Role for predicted metallo-
protease motif of Jab1/Csn5 in cleavage of NEDD8 from CUL1.
Science 298, 608-611.
11. Maytal-Kivity, V., Reis, N., Hofmann, K. and Glickman, M.H. (2002).
MPN+, a putative catalytic motif found in a subset of MPN domain
proteins from eukaryotes and prokaryotes, is critical for Rpn11
function. BMC Biochem. 3, 28.
12. Jentsch, S. and Pyrowolakis, G. (2000). Ubiquitin and its kin: how
close are the family ties? Trends Cell Biol. 10, 335–342.
13. Tyers, M. and Jörgensen, P. (2000). Proteolysis and the cell cycle:
with this RING I do thee destroy. Curr. Opin. Genet. Dev. 10, 54–64.
14. Kawakami, T., Chiba, T., Suzuki, T., Iwai, K., Yamanaka, K., Minato,
N., Suzuki, H., Shimbara, N., Hidaka, Y., Osaka, F. et al. (2001).
NEDD8 recruits E2-ubiquitin to SCF E3 ligase. EMBO J. 20,
4003–4012.
15. Lyapina, S., Cope, G., Shevchenko, A., Serino, G., Tsuge, T., Zhou,
C., Wolf, D.A., Wei, N., Shevchenko, A. and Deshaies, R.J. (2001).
Promotion of NEDD-CUL1 conjugate cleavage by COP9 signalo-
some. Science 292, 1382–1385.
16. Zhou, C., Seibert, V., Geyer, R., Rhee, E., Lyapina, S., Cope, G.,
Deshaies, R.J. and Wolf, D.A. (2001). The fission yeast COP9/sig-
nalosome is involved in cullin modification by ubiquitin related
Ned8p. BMC Biochem. 2, 7.
17. Bech-Otschir, D., Seeger, M. and Dubiel, W. (2002). The COP9 sig-
nalosome: at the interface between signal transduction and ubiqui-
tin-dependent proteolysis. J. Cell Sci. 115, 467–473.
Current Biology
R817
